We report magneto-dielectric properties of partially B-site ordered monoclinic Tb2CoMnO6 double perovskite thin film epitaxially grown by metalorganic aerosol deposition technique.
I. INTRODUCTION
Magneto-dielectrics and magneto-electric materials with the coupled magnetic and electric dipolar order parameters are of fundamental as well as of technological importance. Rare-earthbased perovskite oxides have been proved to be potential candidates for the next generation memory and spintronic device applications [1] [2] [3] [4] [5] [6] [7] . A2BB`O6 (A is a rare earth cation, B & B` are transition metal ions) double perovskites with the layered ABO3/AB'O3 cation-ordered structure along the 111 axis represent themselves an emerging and auspicious platform to study strong electronic correlations, complex magnetic structure, spin-lattice interaction and magneto-dielectric coupling 8,9 . R2(Co/Ni)MnO6 (where R= La to Lu) system having a monoclinic structure with P21/n space group is especially attractive as they possess a ferromagnetic insulating (FMI) behavior, allowing a high temperature magneto-dielectric coupling. FMI originates from a 180֯ super exchange interaction between high spin Co 2+ / Ni 2+ and Mn 4+ ions according to the second Goodenough-Kanamori-Anderson rule [10] [11] [12] . The FM ordering as well as dielectric behaviour depend strongly on the B-site ordering which controls the super exchange interaction along with hoping of charge. The fully and partially B-site ordered La2CoMnO6 has been well explored due to a reasonably high ferromagnetic Curie temperature, TC=230 K 13 , spin-phonon coupling 11 and weak magnetodielectric effect (3%) 14 . Partially disordered La2NiMnO6 has been revealed as a promising multiglass material where two different glassy states (spin and dipolar) are observed simultaneously with a high magneto-dielectric coupling constant (є = є ′ (8 )−є ′ (0 ) є ′ (0 ) × 100) ~16% at room temperature 15 . Considering the smaller radii rare earth ions in the A-site (R=Pr to Lu) the ferromagnetic TC decreases reasonably (48 K for Lu) 8 along with spin-phonon interaction 16 . The trend in the dielectric behavior also remains unchanged from bigger to smaller A-site cations as found in bulk (La/Tb/Y)2CoMnO6 where dielectric constant decreases monotonically with lowering temperature 17 . The La2CoMnO6 (LCMO) from the concerned rare earth double perovskite family has been reported to possess a large dielectric constant at room temperature, which gradually decreases with lowering the temperature 17 . Taking ions with smaller ionic radii, like Y 3+ and Tb 3+ in the A-site, the trend of decreasing dielectric constant monotonically towards lowering temperature remains similar with no significant deviation 18 . The overall behaviour is the same in case of epitaxial LCMO thin films though the dielectric constant becomes very low 14 . A controllable disorder in a perovskite or double perovskite system can create a dipolar glass that can couple with its magnetic subsystem, inducing a novel magneto-dielectric or rare multi-glass behaviour 19 . Tb 3+ with a small cation radius in the A-site has a special significance as it can tune and stabilize a novel hexagonal structure in a strained thin film, which cannot sustain in the bulk form as observed in TbMnO3 20 . With all these experimental observations and intuitions, the Tbbased double perovskite thin films with controlled B-site (partial) ordering could be suggested as an important and exclusive playground for studying novel magnetic and dielectric transitions along with possible coupling between them.
Here we report the epitaxial growth of monoclinic Tb2CoMnO6/Nb:SrTiO3(100) thin film by using a metalorganic aerosol deposition (MAD) technique 21 . The established partial B-site disorder in the film is accompanied by a short range ordering of spins as manifested by the deviation from a standard Curie-Weiss law at T*~190 K, i.e. far above TC=110 K. Moreover, an unexpected high temperature dipolar relaxor-glass-like transition at T* with a 4% magneto-dielectric coupling was observed.
II. EXPERIMENTAL SECTION
Tb2CoMnO6 (TCMO) films have been grown by MAD technique on commercial electrically conducting 0.5% Nb-doped SrTiO3(100) (NSTO) substrates (Crystal GmbH). Acetylacetonates of Tb, Mn and Co were used as precursors. Precursor solutions in dimethylformamide (DMF) with concentration 0.02 M (for both Co and Mn-precursor) and molar ratio Tb/Mn=1.1 were prepared.
The films with thickness, d=80 nm, were grown by spraying the precursor solution by dried compressed air onto a substrate heated to Tsub~900°C with an average growth rate of v=15 nm/min and were cooled down to room temperature in 20 min after deposition. Magnetization with respect to temperature and applied magnetic field parallel to the film surface (IP) was measured using commercial 7T-SQUID-VSM (Quantum Design Inc., USA) system. Magnetization vs. temperature was measured following the conventional protocols of zero field cooled warming (ZFC) and field cooled warming (FCW) cycles in the presence of applied magnetic field µ0H=100 Oe. The local structure of TCMO films was studied by Scanning Transmission Electron Microscopy (STEM) and electron energy loss spectroscopy (EELS) using an FEI Titan 80-300 G2 environmental transmission electron microscope (ETEM), operated at an acceleration voltage of 300 kV. TEM lamellas were prepared by a Focused Ion Beam (FIB) lift-out technique using a Thermo-Fischer (former FEI) Helios 4UC instrument. The temperature-and magnetic-field-dependent complex dielectric measurements were performed using a home-made insert coupled with 9 T superconducting magnet and a Keysight E4980A LCR-meter operating at frequency range f=20 Hz-2MHz.
III. RESULTS AND DISCUSSION

A. Magnetism
Temperature dependence of the ZFC & FC magnetic susceptibility, χ(T), of the TCMO film, measured for 0H=100 Oe, is shown in Fig. 1 . One can see a phase transition, at TC=110 K, below which the long range ferromagnetic ordering develops due the super exchange interaction of Co 2+ and Mn 4+ ions 12 . The transition seems to be of a second order as it is apparently not sharp and no warming/cooling hysteresis was observed. The transition temperature in TCMO film is a bit higher than that observed in Tb2CoMnO6 single crystal (100 K) 22 . The reason is not very clear, but, since the calculated from X-ray diffraction pattern (see Supplementary Information (SI), Fig. SI-1) ) the pseudo-cubic c-lattice constant of the film, c=0.3769 nm, is very close to that of the single crystal, c=0.3773 nm, we believe the epitaxy strain can be ruled out. The bifurcation between ZFC and FC curves denotes the magnetic irreversibility in the system due to the presence of AFM/FM competing interactions among magnetic domains which is typical for the so called cluster glass behaviour. It means that along with Co 2+ /Mn 4+ FM super exchange the AFM interactions of Mn 4+ /Mn 4+ and/or Co 2+ /Co 2+ type have to be present, although no additional features were observed at low temperatures due to the domain-wall de-pinning process similar to that observed in a single crystal 22 . The anomalous increase in FC curve at 18 K is due to the ordering of spins of Tb 3+ ions, which are likely FM-coupled to Co 2+ /Mn 4+ sites.
The temperature dependence of reciprocal susceptibility, 1/χ(T), shown in Fig. 2(a) , deviates from the linear Curie-Weiss behaviour for T<190 K and gradually decreases towards TC. This indicates the appearance of short range ferromagnetic correlations among the spins in the overall paramagnetic background. The important role of this short range ordering will be discussed below by addressing magneto-dielectric coupling in the system. In Fig. 2 Fig. SI-2 ). These disorder-induced short-range FM interactions are responsible for the deviation of 1/χ(T) from the Curie-Weiss law above TC: the magnetic moments become coupled with electrical dipoles, originating from the same ions, as will be discussed in the following sections.
B. Dielectric analysis
In Fig. 3(a) The observed ferroelectric relaxor behaviour can be fitted with the Curie-Weiss law, ‫׳‬ = /( − Ѳ) in the paraelectric region 23 above Tm as shown in Fig. 3(b) . The fitting parameters are presented in SI (see Tab. SI-1). At low frequencies the data were fitted well with the Curie constant, C=8 × 10 3 , and the Curie temperature, Ѳ~150 K, respectively. With increasing frequency, the data start to deviate from the Curie-Weiss law. As for high frequencies the transition temperatures shift to higher side, the fitting range is not far away from the transition temperature. Similar to the magnetic case, the short range correlations among electric dipoles emerge, being frequency dependent and causing deviation from an ideal ferroelectric behaviour. The plausible reason is the formation of small Polar Nano Regions (PNR) having different response for sufficiently high frequency.
For an ideal ferroelectric case the Curie-Weiss fit should not depend on the applied frequency.
In Fig. 3(c ], where f is the frequency of an applied electric field, the is the peak maxima [25] [26] [27] [28] . If the electrostatic interaction among the dipoles is not strong enough to freeze them cooperatively, then dipoles can vibrate with external ac electric field at any finite temperature and can show a thermally activated Arrhenius behaviour with → 0 .
Both VF and the Arrhenius law
] along with a power law were tried to fit the data. The best fit was obtained as Arrhenius behaviour, shown in Fig. 3(d) for both ‫׳‬ and ‫׳׳‬ . The activation energy, calculated from the fit, is Ua=1.9 eV which is very large for a typical relaxor ferroelectric 24 . This anomalously large value of and the deviation from a typical VF law have been further investigated from the asymmetry in the relaxor peak in ‫׳‬ ( ). According to the diffuse phase transition model, the temperature dependent dielectric permittivity as well as the size distribution of PNR's can be described by a Gaussian distribution function 24 .Our experimental data can be fitted well by this distribution function and the overall behaviour of the temperature dependent relaxor peak in ‫׳‬ was found to be a superposition of three different maxima, denoted as 1 , 2 and 3 , shown in Fig. 4(a) for f=10 kHz. The data for all frequencies are fitted and these three frequency dependent temperatures are presented in SI, Tab. SI-2. Again VF, activation law and power law were tried to fit these three temperatures and we found the Arrhenius behaviour provides the best fits as shown in Fig. 4 (b In order to inspect the detail interactions among these dipoles dielectric loss has been studied in the frequency domain for different temperatures. For the used frequency range, f=20 Hz-2MHz, the two main mechanisms can be responsible for the dipole relaxation: (1) the Maxwell-Wagner mechanism because of the local charge accumulation and grain boundaries 29 and (2) the Debye relaxation which is the dipolar contribution from the hopping of charge carriers among asymmetric sites (Mn 4+ , Co 2+ and Mn 3+ ) 30 . Fig. 5(a) shows the dielectric relaxation over the frequency range for the temperatures in the relaxor transition regime. At very low frequency regime the data shows a logarithmic scale. With increasing frequency the data start to deviate from the Maxwell-Wagner behaviour and display two distinct Debye relaxation peaks, denoted as 1 and 2 . These two relaxation behaviours could be recognized as β( 1 )-and α( 2 )-like processes in a glassy system 31 .
The α relaxation is a principal relaxation process in this dipolar glassy system originating from the major charge transfer between the Co 2+ -Mn 4+ sites. A secondary or β process primarily develops from the localized defects or minor sites such as Mn 3+ . Interestingly we observed that this two processes merge around T*~190 K giving a single relaxation peak as presented in Fig. 5(b) . The deviation from the Curie-Weiss law in magnetic behaviour at the same temperature points out onto a correlation between spin and polar order parameter that will be analysed in detail in the next section.
C. Magneto-Dielectric Coupling
Magneto-dielectric (MD) analysis has been done by dielectric measurements in an applied magnetic field, B=8T, at f=100 kHz. Here we can observe a characteristic change in the dielectric constant close to the relaxor transition as shown in Fig. 6 (a ) in Fig. 6 (b) shows that |є | increases by cooling down the system and takes the highest value of 4 % at the relaxor transition. After that it decreases again with cooling while dipoles are started freezing. Interestingly, this occurs in the same region where a short range spin ordering develops within the magnetic domain (see the inset in Fig. 6 (a) ). The absence of any magnetoresistance (see Fig. SI-3 in SI) confirms that the MD coupling is intrinsic to the dipoles present in the material. As indicated previously, mostly the Debye processes 30 , resulting from of charge transfers among dipoles, contribute to dielectric constant at high frequency. Dielectric constant increases up to the relaxor transition mainly from the contribution of activated dipoles due to the charge transfer from Mn 3+ to other sites. Bellow the relaxor transition Mn 4+ and Co 2+ start interacting magnetically with the other disorder sites as seen from the short range correlation developed bellow 190 K and dielectric relaxation peak splits at the same temperature indicating a charge transfer between them. As the charge transfer is coupled to and depends on the spin arrangement, the short range spin-spin interaction tries to restrict the charge hopping and we can see the 2 nd peak is not that much pronounced as the first one. With applied strong magnetic field this process further interrupted and dielectric constant further reduce, causing a 4% MD coupling at the same temperature.
IV. CONCLUSION
In summary we have grown monoclinic phase of Tb2CoMnO6 double perovskite thin film on Nb:SrTiO3 (100) by using MAD technique. TEM/EELS mapping shows the presence and distribution of both Co 2+ as well as Co 3+ ions in the film, evidencing a partial B-site disorder, further confirmed by the observed reduction of the saturation magnetization at low temperatures.
The ferromagnetic TC=110 K was slightly higher as compared to the bulk value due to an in plane tensile strain. The presence of a short range ordering of spins at T~190 K>>TC was established that causes the deviation from standard Curie-Weiss Law far above the ferromagnetic TC. Two different dielectric relaxation peaks (β and α) have been observed that merge at the same temperature of short range spin correlation. Moreover, we observed an unexpected high temperature dipolar relaxor-glass-like transition, at which a coupling to short range magnetic correlations results in a 4% magneto-dielectric coupling. Fig. 1 . Zero-(green, ZFC) and field-cooled (red, FC) magnetic susceptibility (χ(T)) as a function of temperature (T) in the TCMO film. 
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